Abstract: The positional distributions of fatty acids (FAs) in milk fat containing short-and medium-chain FAs were analyzed by sn-1(3)-selective transesterification of triacylglycerols (TAGs) with ethanol using immobilized Candida antarctica lipase B (CALB), in a collaborative study conducted by 10 laboratories. The mean C4:0, C6:0, and C8:0 FA contents, when analyzed as propyl esters (PEs) using gas chromatography (GC) with a DB-23 capillary column, were found to be 3.0, 2.0, and, 1.3 area%, respectively. Their reproducibility standard deviations were 0.33, 0.18, and 0.19, respectively. The mean C4:0, C6:0, and C8:0 contents at the sn-2 position were 0.3, 0.4, and 1.0 area%, respectively. Their reproducibility standard deviations were 0.17, 0.11, and 0.19, respectively. The reproducibility standard deviations of C4:0, C6:0, and C8:0 FAs at the sn-2 position were either the same as or smaller than those for milk fat, although the FA contents at the sn-2 position were smaller than those in the milk fat. Therefore, it was concluded that the CALB method for estimating the regiospecific distribution is applicable to TAGs containing short-and medium-chain FAs. When estimating the short-chain (SC) FA contents in fats and oils by GC, it is better to analyze SCFAs as PEs or butyl esters, and not as methyl esters, in order to prevent loss of SCFAs during the experimental procedure because of their volatility and water solubility. This study also revealed that the stationary phase of the GC capillary column affected the flame ionization detector (FID) response of SCFAs. The theoretical FID correction factor (MW FA / active carbon number / atomic weight of carbon) fitted well with the actual FID responses of C4:0-C12:0 FAs when they were analyzed as PEs using a DB-23 column; however, this was not the case when the GC analysis was performed using wax-type columns.
INTRODUCTION
Conventional enzymatic methods for analyzing the positional distribution of fatty acids FAs in triacylglycerols TAGs are based on sn-1 3 -selective hydrolysis of the acyl groups of TAGs using porcine pancreatic lipases 1, 2 or microbial lipases such as Rhizopus oryzae lipase 3, 4 .
However, these methods are not suitable for TAGs containing short-chain SC and polyunsaturated PU FAs, because of the lower hydrolysis rates of the lipases toward SCFA and PUFA than toward C14-18 FA 5 . In contrast, the immobilized lipase from Pseudozyma Candida antarctica B CALB is known to show the least discriminatory FA ability among other lipases. Therefore, an alternative method for the analysis of the positional distribution of FAs in milk fat, applicable to TAGs containing SCFAs C4-C24 and PUFAs, has been developed 5 .
The method is based on sn-1 3 -selective transesterification of 1 part of TAG with 10 parts by weight of ethanol, to afford nearly 30 2-MAG without detectable levels of 1 3 -MAG 5, 6 . The FA distribution at the sn-2 position was directly determined by isolating the resultant 2-MAG using normal phase chromatography and by analyzing its FA composition. The method has been successfully applied to analyze the positional distribution of FAs in tuna oil, which is rich in PUFAs 5 ; milk fat 5, 7 ; and solid fats such as palm oil 8 . This method has also been used to demonstrate the selective distribution of trans FAs at the sn-1 3 position in milk fat 7 .
The method has previously been employed in a collaborative study by 12 labs for determining the positional distribution of FAs in liquid and solid vegetable oils soybean and palm oils and PUFA-containing fish oil sardine oil 9 , using the CALB provided by Novozymes Novozym 435 . This paper reports a collaborative study for the analysis of the positional distribution of FAs in milk fat containing SCFAs using the same method, but with a different CALB, Chirazyme L2-C4 supplied by Roche Diagnostics K.K. . The factors causing considerable variations in the SCFA contents were confirmed to be related to the GC analysis and the preceding derivatization of the FA, and not related to enzymatic transesterification. It was also found that the theoretical flame ionization detector FID correction factors for the SCFAs fitted best when the DB-23 column was used for GC analysis.
EXPERIMENTAL

Chemicals and materials
Milk fats were the products of ADEKA Co. Tokyo, Japan , Tsukishima Foods Industry Co. Tokyo, Japan , and Morinaga Milk Industry Co. Tokyo, Japan . 1,2-Dipalmitoyl-3-butanoyl-rac-glycerol PPC4:0, purity 99 , 1,2-dipalmitoyl-3-hexanoyl-rac-glycerol PPC6:0, purity 99 , 1,2-dipalmitoyl-3-octanoyl-rac-glycerol PPC8:0, purity 99 , 1,2-dipalmitoyl-3-decanoyl-rac-glycerol PPC10:0, purity 99
, and 1,2-dipalmitoyl-3-dodecanoylrac-glycerol PPC12:0, purity 99 were the products of Tsukishima Foods Industry Co.. Immobilized CALB Chirazyme L2-C4 was gifted by Roche Diagnostics K.K. Tokyo, Japan . Methanol, ethanol 99.5 , 1-propanol, potassium hydroxide, sodium methylate in methanol solution 28 , boron trifluoride BF 3 methanol solution, acetic acid, and other reagents were purchased from Kanto Chemical Co. Tokyo, Japan , Wako Pure Chemical Industries Osaka, Japan , and Nacalai Tesque Inc. Kyoto, Japan , and were of analytical grades unless specified.
Reactions
The standard conditions for enzymatic transesterification were as follows: 0.5 g ca. 0.57 mmol of milk fat was added to 5.0 g 0.11 mol of ethanol in a screw-capped glass vial. The mixture was warmed up in a 45-50 water bath to melt the fat. Then, Chirazyme L2-C4 0.33 g was added to the vial. The vial was shaken at the rate of 150-170 strokes per minute using a water bath shaker or a rotary shaker for 3 h at 30 . The reaction mixture was recovered by filtration using absorbent cotton and kept at 20 until further analyses.
Chromatography
2-MAGs formed from the enzymatic transesterification were purified by silica gel chromatography. First, the ethanol remaining in the reaction mixture after 3 h of enzymatic transesterification was removed by evaporation at 40-50 and ca. 2.7 kPa of vacuum pressure, or under a gentle stream of nitrogen gas. The resulting oil sample 0.1 mL was charged to a Sep-Pak Silica cartridge 0.69 g, Waters Co., Milford, MA, USA , which was pre-equilibrated by a solvent mixture of hexane and diethyl ether 8:2, v/v . Fraction 1, which mainly contained fatty acid ethyl esters FAEE , was eluted with 10 mL of the same solvent system and collected. Diacylglycerols DAGs was then rinsed out with 20 mL of the same solvent. Fraction 2, which contained mainly MAGs, was eluted with 10 mL of diethyl ether and collected. To prepare MAGs for methylation, which was required for GC analysis, diethyl ether was removed from Fraction 2 by evaporation. Fraction 1 was directly analyzed by GC. The composition of each fraction was monitored by thin layer chromatography, using a mixture of hexane and ethyl acetate 85:15, v/v as the deAbbreviations: ACN, active carbon number; CALB, lipase B from Candida antarctica; DAG, diacylglycerol; FA, fatty acid; FAME, fatty acid methyl ester; FAPE, fatty acid propyl ester; FID, flame ionization detector; GC, gas chromatography; JOCS, Japan Oil Chemists' Society; MAG, monoacylglycerol; MF, milk fat; PPCn:0, 1,2-Dipalmitoyl-3-Cn:0-rac-glycerol; PU, polyunsaturated; SC, short chain; TAG, triacylglycerol; veloping solvent.
GC analysis of FA composition
The TAGs and the enzymatically prepared 2-MAG fractions were propylated as follows: TAG was dissolved in 2 mL hexane. The volume of Fraction 2 was reduced to ca. 1 mL under a gentle stream of nitrogen gas. Then, 0.5 mL of 2.5 KOH/1-propanol solution was added to dissolved TAG, or to concentrated Fraction 2, and the resulting mixture was mixed using a vortex mixer for 10 s. Then, 0.015 mL of acetic acid was added to this mixture, and the resulting mixture was mixed using a vortex mixer for 10 s. To this mixture, 1 mL of saturated NaCl solution was added, and the contents were mixed using a vortex mixer for 10 s. The upper organic phase was recovered after the centrifugation and dried over anhydrous Na 2 SO 4 . The entire procedure was carried out at the room temperature.
FA propyl ester FAPE compositions were analyzed by GC-FID, with a DB-23 capillary column 30 m 0.25 mm, 0.25 μm, Agilent Technologies, Santa Clara, US , using helium as a carrier gas at a flow rate of 0.8-1.0 mL/min. The typical program for the oven temperature was as follows: the temperature was maintained at 80 for 3 min, then raised to 180 at the rate of 8 /min, increased further to 240 at the rate of 3 /min, and maintained at 240 for 5 min. The temperatures of the injector and the FID detector were set at 250 . The split ratio was 50:1-100:1. The peak assignment for FAs has been described previously 10 . FA methyl ester FAME compositions were analyzed by GC-FID following the above-mentioned procedure. The oven temperature was controlled as follows: the temperature was maintained at 60 for 3 min, raised to 160 at Molar ratio = area% / active carbon number / atomic weight of carbon. Recoveries were defined as the experimentally determined mol% of C4:0-C12:0 in 1,2-dipalmitoyl-3-acyl-rac-glycerols relative to the theoretical (33 mol%). b) Methylation of was conducted as follows; 1,2-dipalmitoyl-3-acyl-rac-glycerols (PPC4:0, PPC6:0, PPC8:0, PPC10:0, PPC12:0) were heated to 100℃ for 9 min in 1.5 mL of a 0.5 N sodium hydroxide/methanol solution. The resulting solution was added to 2 mL of a 14% solution of boron trifluoride in methanol and further incubated at 100℃ for 7 min. After the addition of 1 mL of hexane and 5 mL of saturated sodium chloride solution, the upper hexane layer was extracted and dried over anhydrous sodium sulfate. c) Propylation of 1,2-dipalmitoyl-3-acyl-rac-glycerols was conducted as described in section 2.4. d) FA esters were analyzed by GC-FID (TRACE GC Ultra, Thermo Fisher Scientific, Waltham, MA, USA). The flow rate of the helium carrier gas was 1.0 mL/min. The temperatures of the injector and detector were maintained at 250℃. The column temperature was maintained at 50℃ for 3 min, was increased at the rate of 10℃/min to 180℃, then increased at 1.5℃/min to 210℃, further increased at 20℃/min to 250℃. The split ratio was 100:1.
the rate of 8 /min, and further increased to 240 at the rate of 3 /min. All reactions and analyses were conducted 2-3 times.
Collaborative study and statistical analysis
The collaborative study and statistical analysis were conducted with two entries from each laboratory. Statistical analysis of the results obtained by the collaborative study was conducted according to the instruction described in reference 11. Here, the minimum limit of area detection was set at 0.1 . Cochran and Dixon tests were conducted assuming that the FA contents below 0.1 were equal to 0. The tests were terminated when the values to be tested equaled three separate values.
RESULTS
3.1 Evaluation of analytical conditions suitable for shortchain fatty acids Milk fat is rich in short chain C4-C6 fatty acids. For the compositional analysis of SCFAs using GC, propylation or butylation of FAs is preferable over methylation 12, 13 . This is because loss of SCFAs, which are more water soluble and volatile compared to medium-and long-chain FAs, can be avoided at the derivatization step. The differences in the alcohols used for the derivatization and the capillary columns were re-evaluated to optimize the analytical method, prior to the collaborative study for evaluating the enzymatic method to analyze the positional distribution of FAs in TAGs. Structured lipids such as 1,2-dipalmitoyl-3-acyl-racglycerols were used for the evaluation, where the acyl groups were C4:0, C6:0, C8:0, C10:0, or C12:0 FA. Each structured lipid was either methylated or propylated, and was subjected to the GC analysis with InertCap Pure-WAX GL Science or DB-23 Agilent Technologies columns were used for the analysis. a) Propylation of milk fat was conducted as described in section 2.4. b) GC analysis was conducted on a GC 6890 N (Agilent Technologies, Santa Clara, CA, USA), using helium gas as a carrier at a flow rate of 0.8 mL/min. The split ratio was 50:1. c) The column temperature was maintained at 60℃ for 1 min. It was increased at the rate of 10℃/min to 180℃, at 4℃/min to 215℃, then at 10℃/min to 240℃. It was kept at 240℃ for 5 min. The temperatures of the injector and detector were set at 245℃. d) The column temperature was maintained at 80℃ for 3 min. It was increased at the rate of 10℃/min to 180 °C, at 1.5℃/min to 210℃, then at 10℃/min to 230℃. It was kept at 230℃ for 5 min. The temperatures of the injector and detector were set to 235℃. a) An average of area% obtained by GC analyses, conducted in duplicate. Methylation was conducted as follows; 50 mg milk fat was dissolved to 0.5 mL diethyl ether. To the solution, 0.2 mL of 2 M KOH in MeOH solution was added and vortexed at room temperature. Then, 0.2 mL of 2 M acetic acid in MeOH solution was added and vortexed. The organic phase was rinced by 1 mL saturated NaCl solution, dried over sodium sulfate before GC analysis. Propylation was conducted as described in section 2. 14 . The recoveries of the C4:0-C12:0 FAs were defined as the experimentally determined mol of C4:0-C12:0 in 1,2-dipalmitoyl-3-acyl-rac-glycerols relative to the theoretical 33 mol . The recoveries of the C4:0 methyl esters MEs were found to be significantly low with both the columns: 88 and 57 when InertCap Pure-WAX and DB-23 columns were used, respectively Fig. 1A and B, open bars . This observation was consistent with the previous reports 13 . In contrast, the recoveries of C4:0, C6:0, and C8:0 PEs when using the InertCap Pure-WAX column were 123 , 118 , and 116 , respectively Fig. 1A , filled bars . The recovery of C4:0-C12:0 PEs using the DB-23 column was consistently ca. 105 Fig. 1B , filled bars . GC analysis on propylated milk fat was carried out using the DB-23 and DB-Wax Agilent Technologies columns to elucidate the difference in the responses obtained in the two cases Fig. 2 . DB-Wax is one of the widely used GC columns for the composition analysis of FAMEs. The area of C4:0 and C6:0 PEs obtained using the DB-Wax column was significantly higher as compared to that ob- Fig. 3 Chromatograms of milk fat methyl (A) and propyl esters (B) in the GC analysis using DB-23. The peak between C4:0 PE and C5:0 PE (B) was not identified and excluded from the calculation.
a) Propylation and GC analysis were done as described in section 2.4. b) For FID correction factor, see Table 1 .
. e) FID correction factor for C16:0 was expediently applied, as it is the most abundant FA. .
tained by using DB-23. On the other hand, the area of C16:0, C18:0 and C18:1 PEs obtained using the DB-Wax column was lower as compared to that obtained using DB-23. Therefore, it was strongly suggested that the FID responses to SCFA MEs were lower with GC analysis, as previously reported, whereas FID responses to SCFA PEs were higher with Wax-type columns than with the DB-23 column, and the results require proper correction by using the known amounts of pure standards. The difference between the two types of columns is that a Wax-type column uses polyethylene glycol as the stationary phase and a DB-23 column uses 50 -cyanopropyl-methyl-polysiloxane as the stationary phase.
The mixture of PEs of SCFAs was also subjected to the columns designed for the analysis of trans-FA contents in oils and fats, such as SP2560 Supelco and TC 70 GL Science . These columns were routinely used in some laboratories participating in the collaborative study. It was found that the resolution of SCFA PEs and 1-propanol was poor data not shown and their peaks overlapped despite efforts to improve the resolution by changing the temperature conditions of the GC oven. In the meantime, the peak resolution of SCFA PEs and 1-propanol was good when the DB-23 column was used data not shown . It was therefore decided that the SCFA contents in milk fat would be measured after propylation, with the DB-23 column in the collaborative study.
GC analysis of milk fat as FAPE
Based on the above results, the FA composition of milk fat was analyzed as PEs by GC equipped with a DB-23 column; analysis of the MEs was carried out for comparison Table 1 . Nearly 40 peaks were detected, including those for SCFAs, odd-numbered FAs, branched FAs, and conjugated FAs in the milk fat Table 1 , Fig. 3 . The peak assignment to each FA and the repeatability of the analyses of milk fat FAs as PEs were described in our previous report 10 . Based on the chromatograms, the peak resolutions of MEs and PEs were found to be similar Fig. 3 . As the FID responses of FAMEs and the corresponding FAPEs were found to be different due to the difference in the number of carbon atoms, the response of each FA was corrected by the theoretical FID correction factor, as described in section 3.1.
As described previously, the recoveries of C4:0 ME and C6:0 ME were significantly low. Therefore, the ratio by weight of each FA except C4:0 and C6:0 Table 1 in percentage E and F . The values E and F were quite similar except for C22:0, suggesting that the FA content in the range C8-C20 could be measured as MEs and as PEs similarly. Three samples of milk fat A, B, and C were propylated, analyzed by GC, and expressed in weight percentage using the FID correction factor Table 1 I , Table 2 D , including C4:0 and C6:0. The compositions of major FAs, including SCFAs, were similar in the three samples. Table 4 . These values were similar to those of the original, enzymatically untreated milk fat, although the C4-C8 FA contents at the sn-2 position were smaller than those in total milk fat Table 3 . Reproducibility relative standard deviations for C4-C8 in total milk fat were 4:0, 10.9 ; 6:0, 9.1 ; and 8:0, 14.5 and those for the sn-2 position were 4:0, 54.2 ; 6:0, 27.4 ; 8:0, 19.1 . The increase in the reproducibility relative standard deviation for the C4-C8 FA contents at the sn-2 as compared to those for the total milk fat was mainly due to the low FA contents at the sn-2 position, since the repeatability and reproducibility standard deviations were similar, as discussed above. Therefore, it was concluded that the regiospecific distribution of TAGs with SCFAs and medium-chain FAs could be analyzed by the enzymatic method using immobilized CALB and the compositional analysis of FAPEs obtained by propylation of FAs using a DB-23 column.
DISCUSSION
In this study, several stationary phases in the capillary GC columns designed for FA composition analysis were evaluated in terms of their effectiveness for SCFA content determination. Wax-type columns, such as InertCap Pure-WAX and DB-WAX, use polyethylene glycol as the stationary phase and have commonly been employed for the compositional analysis of FAs 15 . These columns, however, Table 4 Area% of major FAPE at sn-2 in milk fat.
cannot separate cis-and trans-FAs, the high concentrations of the latter in food products being a serious health concern. Recently, cyanopropyl polysiloxane, which is more polar than polyethylene glycol, was used as the stationary phase of columns for trans-FA analysis: SP-2560 100 cyanopropyl polysiloxane and TC-70 70 cyanopropyl polysiloxane , for example 16 . This study revealed that these trans-FA columns are highly polar and retain 1-propanol too strongly to overlap with peaks of short chain FAPEs data not shown . In contrast, the DB-23 column with 50 cyanopropyl polysiloxane as the stationary phase showed relatively weaker retention of 1-propanol and did not hinder the analysis of SCFA data not shown . With the same samples and GC conditions, the response of the wax-type columns toward the SCFAs was stronger than that of the DB-23 columns Fig. 1 . The major reason for the difference in the GC responses is considered to be the sample discrimination resulting from differences between the sample components in terms of their boiling points, thermal decomposition temperatures, and dispersion in the column. The retention time of palmitic acid PE by the InertCap Pure-WAX column was 25.0 min, whereas that by DB-23 column was 19.9 min under the GC conditions shown in Fig. 1 . The increase in the retention time could cause dispersion of the components in the column. It was therefore estimated that the dispersion of palmitic acid PE caused the poor response of the column toward palmitic acid but good response toward SCFAs Fig. 1A .
As shown in 3.1 Fig. 1B , the theoretical FID correction factor fitted well with the actual responses of C4:0-C12:0 FAPEs when the DB-23 column was used. Therefore the DB-23 column is the most recommended for the measurement of the SCFA contents in oils and fats as the FAPEs investigated thus far.
CONCLUSION
It was confirmed that the theoretical FID correction factor, MW FA / ACN / atomic weight of carbon 12.01 , fitted well to the actual FID responses of C4:0-C12:0 FAs when they are analyzed as PEs by GC using a DB-23 capillary column. On the other hand, the FID responses increased exceeded the theoretical values for carbon numbers below C10:0 when a wax-type stationary-phase column was used for GC, under the tested conditions. Therefore, it might be best to analyze the SCFAs in oils and fats as PEs by using a DB-23 capillary column.
It was also suggested that SCFAs were mainly located at the sn-1 3 position in milk fat, by a combination of the proposed method with the enzymatic preparation of sn-2-MAG from milk fat. The reproducibility standard deviations for C4:0-C8:0 FAs were less than 0.4 in the collaborative study conducted by 10 laboratories and were similar to those of the original untreated milk fat, although the C4:0-C8:0 contents at the sn-2 position were smaller than those in the original milk fat. Therefore, it was concluded that the enzymatic method for estimating the regiospecific distribution, in combination with the compositional analyses of FAs as FAPEs using the DB-23 column for GC, was also applicable to TAGs containing short-and medium-chain FAs.
